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fertilizer (Börjesson & Berglund, 2007) . Main substrates for AD include agricultural biomass in the form of animal manures and energy crops (e.g. maize), organic residues from the processing industry (e.g. glycerin, beet tails, and gut and intestines from slaughtering houses), and other residues such as, roadside grass or forest residues (Cherubini & Strømman, 2011) .
Environmental LCA studies of AD of pig and cattle manure (raw or separated fraction) and energy crops, such as maize and rye grass focused on bio-energy production, greenhouse gas (GHG) emission reduction potentials, and various biogas end applications (Börjesson & Berglund, 2007; De Vries et al., 2012; Hamelin et al., 2011; Thyø & Wenzel, 2007) . These studies highlighted that AD of solely, or fractions of, animal manure (mono-digestion) reduced GHG emissions and fossil fuel depletion due to bio-energy production compared to a reference without digestion. To boost bioenergy production and economic profitability of mono-digestion, co-substrates are added, including energy crops and wastes (co-digestion) (Hamelin et al., 2011; Thyø & Wenzel, 2007) . This use of co-substrates competes with other applications, such as animal feed or the production of heat or compost and, therefore, will induce the need of a substitute for their initial use. The environmental impact of producing these substitutes, however, has so far not been considered in LCAs of AD. To further improve the insight into the consequences of such a change, LCAs of bio-energy should include other environmental impacts, such as acidification and eutrophication (Cherubini & Strømman, 2011) . Additionally, LCAs of bio-energy production should account for the impact of land use change (LUC) and its related carbon (C) emissions from using various substrates. Generally direct (DLUC) and indirect land use change (ILUC) are distinguished, both included in LUC. While DLUC represents the land use changes in a given country or region associated with the expansion of a specific crop in that area, ILUC refers to global market reactions to feedstock displacement and the resultant land use changes. Accounting for LUC is important as it has the potential to undermine reductions in GHG emissions obtained by bio-energy production (Plevin et al., 2010) .
However, LUC is most often not addressed in LCAs of AD.
The aim here was to assess and compare environmental consequences of anaerobic mono-digestion and co-digestion of pig manure to produce bio-energy.
Environmental impacts of producing a substitute for the initial use of the substrates, including the induced LUC, were accounted for. For co-digestion, five co-substrates were evaluated: ensiled whole crop maize, glycerin, beet tails, wheat yeast concentrate (WYC) and roadside grass. These co-substrates represent various product groups that are, or will be, used in agricultural digesters, i.e. energy crops, by-products from food or feed industry, animal feed products, and residual or waste products.
Materials and Methods

LCA approach and functional unit
The ISO-14040 standard provides the general framework for LCA, which was followed in this study (ISO-14040, 2006) . A consequential approach to LCA was used to compare the environmental consequences of mono-digestion with co-digestion using alternative substrates. This implied that all processes affected by the mono-or codigestion systems studied were included in the model (i.e. system expansion). For the affected processes the marginal suppliers were included (e.g. for electricity, heat, and mineral fertilizers) (Weidema, 2003) .
To enable a comparison of scenarios, environmental impacts were related to a functional unit (FU), i.e. the main function of the system expressed in quantitative terms. As the study is focused on the use of various substrates and the substitution of their initial use, an input-related FU of one ton substrate (fresh matter) added to the digester was used. This was either pig manure or a mixture of pig manure and cosubstrate(s). Studies addressing different applications of substrates, in this case bioenergy production, are recommended to use input-related FUs (Cherubini & Strømman, 2011) .
System boundaries and definition of scenarios
System boundaries common to all scenarios
The general scope of this research was North-Western Europe. The context of the Netherlands was used to identify the involved marginal suppliers for electricity, heat, and mineral fertilizer, when establishing the composition of manure and co-substrates, and when legislation had to be taken into account (e.g. for co-digestion).
The system, the included processes, and the system boundary are illustrated in Figure 1 . It was considered that digesting manure avoided the conventional management of raw manure without further processing, i.e. outside storage in a concrete-covered tank, transport, and field application. Hence, manure was stored solely inside the animal house prior to digestion where after it was transported to the digestion facility. Processes included in the system boundary, therefore, were: manure storage in the animal house; (avoided) outside raw manure storage and application (avoided); anaerobic digestion; storage and field application of digestate; produced electricity and heat from biogas; avoided production of fossil-based electricity, heat, and mineral fertilizer; production of substitutes for initial use of the co-substrates; transport between several life cycle stages; cultivation of silage maize (as a co-substrate) and the displaced barley, and impacts related to production of capital goods. Pig production was excluded from the system boundary because it was assumed to be unaffected by a change in demand for manure as a substrate for AD (i.e. pig production as main production process with manure as by-product). Similarly, the main production processes of other used by-products (i.e. glycerin, beet tails, and WYC) were excluded, as these were not affected by a change in demand for these products as co-substrates.
A centralized and average scale agricultural digestion plant was considered. The biogas it produced was used in a combined heat and power unit (CHP) for the production of electricity and heat. Produced electricity was assumed to substitute marginal Dutch electricity, i.e. 28% coal-based, 67% natural gas-based, and 5% windbased electricity (De Vries et al., 2012) . Produced heat was partly used for the digestion process and partly for substitution of marginal heat, i.e. 79% natural gas-based and 21% light fuel oil-based in the Netherlands (De Vries et al., 2012) . The digestate was transported and applied to the field as fertilizer, where it substituted marginal mineral N, P, and K fertilizer. Marginal production of mineral fertilizer was assumed to be calcium ammonium nitrate for N, triple superphosphate for P 2 O 5 , and potassium chloride for 
Definition of scenarios and substituting products
Mono-digestion of pig manure comprised the digestion of solely manure (1 ton wet weight). Afterwards, digestate was stored and applied to the field as fertilizer. In scenarios with co-digestion, a mixture of 50% manure and 50% co-substrate (on a wet weight basis) was assumed. The Dutch law requires a minimum input of 50% manure in AD in order to allow application of digestate to the field (DR, 2012).
Scenario 1 (S1) comprised co-digestion of manure with maize silage. Maize is the most commonly used energy crop for biogas production in Europe. It is attractive due to its high dry matter (DM) yield per ha and high CH 4 production potential (Amon et al., 2007) . The maize silage was produced in the Netherlands, specifically for AD (Fig. 1) , and displaced the production of spring barley (i.e. the marginal crop) (Weidema, 2003) . Such displacement induced LUC (i.e. including DLUC as well as ILUC). As the production of maize, instead of spring barley, was assumed to induce only minor changes in emissions (i.e. in fertilization, tillage, etc.), DLUC was excluded from the model. ILUC, however, was included to reflect the production of the displaced spring barley in locations outside the Netherlands, as further detailed in section 2.3.7.
Scenario 2 (S2) comprised co-digestion of manure with crude glycerin (10%) and maize silage (40%). Glycerin is a by-product of biodiesel production and significantly increases CH 4 production when added to AD, as it contains large quantities of labile organic matter. Glycerin, however, is known to inhibit the digestion process when added in high quantities (> 10 -15%), as the concentration of volatile fatty acids becomes inhibiting for methanogenic bacteria. Addition of glycerin to the substrate, therefore, was considered to be 10% with 40% of maize silage. Glycerin was assumed to be initially used for heat production in an industrial gas-fired boiler (i.e. marginal use), where it would have replaced 0.94 GJ of natural gas per GJ of glycerin (Thyø & Wenzel, 2007) . Use of glycerin in other markets, like cosmetics or the drug industry, was not considered both because these are currently saturated and given the costs for purification. As in S1, S2 included LUC for the maize silage portion digested.
Scenario 3 (S3) comprised co-digestion of manure with beet tails. Beet tails are cut off at the first cleaning of sugar beets during sugar processing, and represents about 5% of the fresh mass of beets. Beet tails are available all year long for digestion when preserved as silage. Beet tails, now used for AD, were assumed to be initially used in dairy cattle feed for their carbohydrate value, which induces the need for another carbohydrate fodder. The marginal carbohydrate fodder was assumed to be spring barley produced in the Netherlands. For one ton of beet tails, 0.11 ton of barley was required, based on the Dutch energy value for animal feed (SI). The extra production of barley on Dutch agricultural soils induced LUC that was included in the analysis.
Scenario 4 (S4) comprised co-digestion of manure with wheat yeast concentrate (WYC). WYC is a protein-rich by-product from bio-ethanol production. WYC was assumed to be initially used in animal feed for its protein value and, therefore, soy bean meal from Brazil was assumed to replace WYC in feed (Weidema, 2003) . For 0.50 ton of WYC, 0.33 ton of soybeans (or 0.27 ton soybean meal) was required, based on the Dutch digestible protein value (SI). The additional soy oil produced (0.05 ton) alongside the soy meal was assumed to substitute palm oil (0.23 ton fruit bunches) (Dalgaard et al., 2008) . The no longer produced carbohydrate-rich palm cake, as by-product from palm oil, was assumed to induce a demand for additional barley (3.2 kg) in order to balance carbohydrate supply on the feed market. LUC related to Brazilian soybean, Malaysian palm fruit, and Dutch barley production was considered in the analysis (specified in section 2.3.7).
Scenario 5 (S5) comprised co-digestion of manure with roadside grass, originating from maintenance of side-strips along roads. In the Netherlands, roadside grass is usually composted and subsequently applied to agricultural soils for its fertilizing and soil amending capabilities (Ehlert et al., 2010) . Avoided composting was thus considered the opportunity cost of using roadside grass for AD. The compost was assumed to be substituted with mineral N, P and K fertilizer. Table 1 presents the chemical compositions considered for pig manure and cosubstrates, before and after digestion, the fraction of organic matter (OM) decomposed during AD and the CH 4 yield per ton of substrate. A mass balance approach was used to compute all compositions and flows within the system. Manure composition after storage in the animal house was based on De Vries et al. (2012) . The composition of roadside grass was represented by an average composition from harvested spring and autumn grass (Ehlert et al., 2010) . Table 2 shows the considered emissions of N (ammonia (NH 3 ), nitrous oxide (N 2 O), nitrogen oxides (NO x ), and nitrogen gas (N 2 )) and CH 4 from manure and digestate storage. As storage duration affects CH 4 emission and because pig manure used for AD was stored in the animal house shorter (yearly average of 1 month instead of 3 month without digestion), the difference of in-house CH 4 Energy required for pumping manure and digestate was 1.2 kWh ton -1 .
Life cycle inventory and assumptions
Chemical composition and methane yields of the substrates
Storage of manure and digestate
Production of substituting products
The environmental impacts of producing substituting products comprised cultivation, processing, and transport. Since detailed inventory data are presented in the SI 1 , general assumptions are presented here. Background (or generic) LCA data (e.g. heat and electricity production from fossil energy, mineral fertilizer production, herbicide production, diesel production, etc.) were taken from the Ecoinvent database v2.2 (EcoinventCentre, 2007).
Maize cultivation in S1 and S2 was based on average Dutch data. Maize was assumed to be fertilized with mineral fertilizer, as this is the marginal source for nutrients.
In S2, heat production occurred in an industrial gas-fired boiler >100 kW. The required natural gas (1.58 GJ) was computed based on an average lower heating value for glycerin of 16.5 MJ kg -1 and a boiler efficiency of 102% (EcoinventCentre, 2007) .
In S3, barley production was based on average Dutch data (SI). As in S1 with maize, it was assumed that barley was fertilized with mineral fertilizer.
In S4, soybean production was based on Brazilian production circumstances occurring in the Central West and Southern region of Brazil (SI). Production of palm oil was based on production in Malaysia, as marginal source (SI). As in S3, barley production was based on average Dutch data.
In S5, emission data for composting of roadside grass were based on the composting of municipal food waste (Brinkman et al., 2004) . During composting, approximately 60% of the wet weight of roadside grass was reduced. Emission of CH 4 , was considered to be 0.20 kg ton -1 of grass entering the facility, N 2 O 1.5% of N, and NH 3 5.24% of N. In total, 10% of the N in the roadside grass was assumed to be lost during composting and 90% of the NH 3 to be removed with a bio-filter (Brinkman et al., 2004) . Per ton of grass, energy requirement of composting was 29 kWh. Leaching of , and K during composting was excluded due to a sealed concrete floor.
Anaerobic digestion
AD was considered to take place in two stages in a continuous stirred tank reactor (CSTR). Operation occurred at mesophilic temperature (around 35°C) with a hydraulic retention time of 60 days, based on common practice in The Netherlands, and required 66 MJ electricity per ton of substrate and 110 MJ heat per ton of substrate (Börjesson & Berglund, 2007; Peene et al., 2011) . The CHP had an electric capacity of 500 kW with an overall energetic efficiency of 80% and an electric efficiency of 35%. Electricity used for the process was assumed to be taken from the grid, whereas produced electricity was supplied to the grid. The required heat for the digestion process resulted from the heat produced from the biogas engine. Of the remaining heat, 50% was assumed to avoid marginal heat.
During AD, organic N in the substrates is partly converted into mineral N (N min ).
It was assumed that 20% of the organic N in the initial substrate was mineralized (De Vries et al., 2012) .
Fugitive emissions of CH 4 from the digestion plant and the biogas engine were assumed to be 1.5% of total produced CH 4 (i.e. 1% from the digestion plant and 0.5% from the gas engine) (IPCC, 2006) . Emission of N 2 O from the biogas engine was 0.1 kg TJ -1 of electricity produced, whereas emission of NO x was 0.42 g m -3 of biogas produced (VROM, 2010).
Application of products and avoided mineral fertilizer
Manure and digestate were assumed to be injected into arable land. For the avoided compost (S5), it is assumed that it would have been applied by a solid manure spreader to arable land, whereas mineral fertilizers would have been applied with a broadcast spreader. Data on the environmental impacts of field application processes were taken from the Ecoinvent database (EcoinventCentre, 2007) .
Emissions of N and PO 4 3-during application and the N fertilizer replacement values (NFRVs) for manure, digestate, compost, and mineral fertilizers are presented in Table 2 . The NFRVs were considered to be: 65% for manure and digestates, 15% for compost, and 100% for mineral N fertilizer (Brinkman et al., 2004; DR, 2012) . The replacement value for P and K was assumed to be 100% for all products (De Vries et al., 2012) .
Transport of products
Transport of products occurred by lorry (16 -32 tons) between several life cycle stages (Fig. 1) . For the transport of the raw manure to the AD plant a distance of 31 km was considered, whereas an average distance of 104 km was assumed for transporting the digestates to agricultural fields. This 104 km was a weighted average of local transport (34% over 31 km), external transport within the Netherlands (48% over 120 km) and transport outside of the Netherlands (18% over 200 km) (De Vries et al., 2012; Peene et al., 2011) . All other products were assumed to be transported over 50 km.
Land use change emissions
LUC emissions related to displaced cultivation of barley in S1 -S4 were based on Tonini et al. (submitted) , who related the displacement of spring barley in Denmark to the conversion of specific biomes worldwide and quantified the associated greenhouse gas emissions (SI). This was assumed to be representative for Western Europe. The net land expansion was adjusted by using the average Dutch yield for barley leading to 1.22
ha expanded per ha of displaced barley. An average LUC factor of 309 ton CO 2 ha -1 of displaced barley was applied, which was annualized over a 20 years period ( Asia and 30% conversion of peat land, see SI).
Soil carbon storage
Soil C storage was included based on Hermann et al. (2011) (SI). Changes in soil C
storage, and thus in the amount of C released as CO 2 to the atmosphere, occur due to differences in C composition among manure, digestate, and compost. During digestion, C is converted into CH 4 and CO 2 resulting in less C applied to the soil with the digestate and thus less C to be stored in the soil compared to undigested matter. Compared to manure, an increased proportion of C is converted to relatively stable humus-C in the soil by grass-based compost (Hermann et al., 2011) . It was assumed that 35% of the C in the manure and digestates (representing 50% of OM) was converted into humus-C.
For grass compost this was assumed to be 51%. The C converted to humus-C was assumed to remain in the soil C pool over a time horizon of 100 years (Hermann et al., 2011 ) (SI).
Sensitivity analysis
The sensitivity of results and conclusions to several parameters were tested: minimum
and maximum values for LUC, higher fugitive methane emissions from the digestion facility, a higher electric efficiency of the biogas engine, and increased NFRV of the digestates.
Minimum and maximum values for land use change
LUC emission factors contain considerable uncertainty depending on the applied methods and data, and therefore will have a considerable effect on final results (Plevin et al., 2010 
Fugitive methane emissions from the digestion plant
Fugitive emissions of CH 4 from the digestion plant increase the amount of GHG released to the atmosphere and consequently reduce the bio-energy produced. Fugitive emissions have been reported to be as much as 5.2% of produced CH 4 under normal operating conditions (Flesch et al., 2011) . To consider the magnitude of this impact, emission of CH 4 from the digestion plant was increased from 1% to 5%.
Electric efficiency of the biogas engine
Electric efficiency of the biogas engine is important with regard to the amount of electricity (versus heat) produced, and consequently the amount of avoided fossil fuels.
The electric efficiency was increased from 35% to 45% to consider the effect of more displaced fossil-based electricity. The total efficiency was kept equal to the baseline scenario.
NFRV of digestates
The NFRV of digestate is often said to be higher compared to undigested manure due to mineralization of N, increasing its availability for crops (Hamelin et al., 2011) . To consider the impact of a higher fertilizing capacity of the digestate, the NFRV of the digestates was increased from 65% to 75% in the sensitivity analysis.
Life cycle impact assessment
All emissions and resources used were included in the assessment and categorized under seven environmental impact categories: climate change (CC in kg CO 2 -eq; including CO 2 , CH 4 , and N 2 O), terrestrial acidification (TA in kg SO 2 -eq; including sulfur dioxide (SO 2 ), NO x , and NH 3 ), marine eutrophication (ME in kg N-eq; including NO 3 -, NO x , and NH 3 ), freshwater eutrophication (FE in kg P-eq; including PO 4 3-);
particulate matter formation (PMF in kg PM 10 -eq; including particulates < 10 µm and NH 3 , SO 2 , and NO x as precursors), fossil fuel depletion (FFD in MJ), and land use (m 2 ).
The scenarios and impact assessments were modeled and computed in Microsoft Excel and by using the ReCiPe midpoint v.1.04 impact assessment method (Goedkoop et al., 2009 ).
Results and discussion
Impact assessment of anaerobic mono-and co-digestion
Climate change
Mono-digestion reduced CC by 16 kg CO 2 -eq per ton of substrate, as compared to the situation where manure is not digested (Fig. 2) . This was mainly due to avoided manure storage and application (i.e. altered management), but also to avoided fossil-based electricity and heat. Addition of co-substrates in S1 -S4 increased CC (36 -105 kg CO 2 -eq) mainly as a result of induced LUC. LUC contributed 104 -199 kg CO 2 -eq in S1 -S4. In S5, the reduction in CC of 89 kg CO 2 -eq resulted from avoided fossil-based electricity and heat and the avoided composting. Avoided composting prevented emission of N 2 O and the energy use that occurs during composting. In all scenarios, net transport contributed 16 -19 kg CO 2 -eq, whereas the AD process contributed 18 -42 kg CO 2 -eq. 1 (excluding transport during co-substrate production).
Fossil fuel depletion
Mono-digestion reduced FFD by 117 MJ, as compared to the situation where manure is not digested, reflecting a net reduction in energy use (46 kWh electricity was produced and 51 MJ of heat avoided in S1) (Fig. 2) . Addition of co-substrates in S1 -S3 and S5
increased bio-energy production and resulted in higher reductions of FFD, with S1
having the highest reduction (FFD of 2398 MJ). Despite having the highest bio-energy production (305 kWh electricity produced and 651 MJ of heat avoided), S2 did not lead to a lower FFD (-1992 MJ) than S1 (210 kWh electricity produced and 431 MJ heat avoided). This was mainly caused by the bio-energy that would have been produced by the direct combustion of the glycerin (1.65 GJ), which had to be substituted by an equivalent amount of energy from natural gas. Despite bio-energy production in S4 (167 kWh electricity produced and 332 MJ heat avoided), the scenario had a net increase in energy demand due to production and transport of soybean meal. S5 (86 kWh electricity produced and 143 MJ heat avoided) had, after S1 and S2, the highest reduction in FFD (-1027 MJ), whereas S3 (87 kWh electricity produced and 145 MJ heat avoided)
showed approximately half of the reduced FFD (-550 MJ) found in S5. In S5, this result is mostly due to the shift from energy consumption during composting to bio-energy production from AD. In all scenarios, transport and AD required roughly 200 -300 MJ of energy.
Terrestrial acidification
Compared to raw manure application, mono-digestion increased TA by 0.09 kg SO 2 -eq, through a higher NH 3 emission from digestate application. This increase resulted from a higher N min content in the digestate. Addition of co-substrates in S1 -S3 generally showed equal performance as the mono-digestion scenario. In these scenarios, increased TA from the production of the substitute and the storage and application of the digestate was decreased by avoided electricity and heat. In S4, TA was considerably higher (1.61 kg SO 2 -eq) due to emissions of NH 3 , NO x , and SO 2 from the production of the soybeans. S5 was the only scenario that reduced TA (-0.33 kg SO 2 -eq), mainly due to the avoided NH 3 emissions during composting and application of compost.
Marine eutrophication
ME was approximately neutral for mono-digestion (-0.03 kg N-eq) as compared to the situation where manure is not digested (Fig. 2) . For mono-digestion, the reduced ME from avoided manure storage and application was similar to the ME from digestate storage and application. ME increased with the addition of co-substrates in S1 -S4
(0.28 -2.38 kg N-eq). This was mainly due to two factors: (1) emission of NO 3 -during production of the co-substrates and (2) addition of N from the co-substrates, which increased the N application from digestate. In the mono-digestion scenario as well as in S1, S2, and S3, ME was little affected (maximum of -0.2 kg N-eq) by the net mineral fertilizer production; in S4, however, reduced ME from net mineral fertilizer production was considerably higher (-0.6 kg N-eq) due to the high nutrient content in the WYC (Fig. 2) . A net reduction of ME (-0.40 kg N-eq), again related to avoided production and application of compost, was seen in S5. The digestate in S5 was considered to have a higher nitrogen fertilizer value compared to compost, thus consequently reducing more mineral N fertilizer and thereby leaching of NO 3 -.
Freshwater eutrophication
Mono-digestion reduced FE (-0.012 kg P-eq), compared to the situation where manure is not digested, mainly as a result of avoided electricity production. Addition of cosubstrates in S1 -S5 further reduced FE (-0.021 --0.077 kg P-eq), but not in S4 due to the cultivation of soybeans contributing to FE through leaching of PO 4 3-, as relatively high emission per kg of dry matter occurs (SI). In S5, FE was reduced mainly through avoided electricity from energy production during AD, and through the avoided electricity from composting.
Particulate matter formation
Mono-digestion, as compared to the situation where manure is not digested, resulted in negligible PMF (0.02 kg PM 10 -eq); for mono-digestion, emissions of NO x from transport and NH 3 from digestate storage and application were counteracted by a reduction in PM 10 , NO x , and SO 2 emissions from the substituted fossil fuels. Addition of co-substrates in S1 -S5, decreased PMF (0.01 --0.13 kg PM 10 -eq), except for S4
(0.36 kg PM 10 -eq) where more emissions of NH 3 , NO x , and SO 2 occurred during production and transport of soybean meal. In S5, reduced NH 3 emissions from composting resulted in reduced PMF.
Land use
Mono-digestion had negligible land use, because no co-substrates were used and, therefore, no substitute was required (land use in this case was only related to production facilities and capital goods production). S5 also had negligible land use as the roadside grass is a residual product that does not interact with crops and thus land use. Addition of co-substrates in S1 -S4 increased land use directly for cultivation of respectively maize (S1, 106 m 2 and S2, 85 m 2 ), barley (S3, 73 m 2 ) and soybeans (S4, 1037 m 2 ; increased cultivation of soybeans (1153 m 2 ), avoided oil palm cultivation (122 m 2 ), increased barley cultivation (4.4 m 2 ), and land use related to capital goods (2 m 2 )).
Furthermore, land use expanded in S1 -S3 due to displaced cultivation of barley (respectively 129, 103, and 89 m 2 ) (Fig. 2) . S4 had the highest land use, which was due to the relative low DM yield per ha of cultivated soybeans compared to maize and barley (SI).
Sensitivity analysis
Minimum and maximum values for land use change
In case of minimum values for LUC, net CC decreased up to 109 kg CO 2 -eq compared with base line results. This meant that in S1, S2 and S4, CC was reduced more than mono-digestion (Table 3 ). In S1, the impact of reducing LUC emissions was highest (a change of 109 kg CO 2 -eq), because of the displaced barley and the related LUC emission factor, i.e. higher than for soybeans (section 2.3.7). In case of maximum LUC values, net CC increased up to 3730 kg CO 2 -eq compared with base line results in S1 -S4. This increase was highest in S4 (i.e. 3654 kg CO 2 -eq). These results indicate that the assumed LUC factor had a major impact on the conclusions of this study with regard to CC.
Fugitive methane emission from the digestion plant
Increasing fugitive CH 4 emissions from the digestion plant increased CC (11 -75 kg CO 2 -eq) and FFD (27 -182 MJ) for all scenarios (Table 3) . For mono-digestion, this offset almost all GHG reduction. These results indicate that controlling emission of CH 4 from the digestion process is essential to maximize the advantage concerning CC.
Electric efficiency CHP
Increasing the electric efficiency of the CHP reduced CC in all scenarios (up to 53 kg CO 2 -eq, Table 3 ), FFD (up to 820 MJ), and, to a lesser extent, also FE (up to 0.021 kg P-eq). These results indicate an opportunity in further improving the environmental performance of AD by increasing efficient conversion of biogas into electricity.
NFRV of the digestate
Increasing the NFRV of the digestate by 10% decreased CC, TA, ME, and FFD in all scenarios, by up to respectively 13 kg CO 2 -eq, 0.105 kg SO 2 -eq, 0.16 kg N-eq, and 53
MJ. This decrease was mainly due to a higher amount of mineral N fertilizer that was substituted by the digestate, compared to the baseline results. In general, however, this did not change the ranking of the scenarios, although TA in S2 became lower than in the case of mono-digestion.
General discussion
Mono-digestion compared to co-digestion
Overall, mono-digestion of pig manure performed well from an environmental perspective as bio-energy was produced and most impact categories either remained neutral (ME, PMF, and land use) or were reduced (CC, FFD, and FE), compared to conventional storage and field application of raw manure. Bio-energy production by mono-digestion, however, was relatively low compared to co-digestion which was also observed by other authors (Thyø & Wenzel, 2007) .
Adding co-substrates increased bio-energy production compared to monodigestion, but showed that the environmental impact of producing the substitute was important for most impact categories. This notably applied for S4 where the addition of WYC resulted in increased environmental impact. As a protein-rich substrate, WYC competes with soy meal on the international market, and its production has a relatively high environmental impact (Prudêncio da Silva et al., 2010) . Co-digestion with WYC, therefore, does not represent an attractive alternative to increase bio-energy production.
On the other hand, in S5 the addition of roadside grass increased bio-energy production compared to mono-digestion and reduced all environmental impact categories. For roadside grass, moving to AD compared to composting represented improved management. As other studies have confirmed, anaerobic (co-)digestion is a better environmental alternative than composting for waste or residue management (Hermann et al., 2011; Patterson et al., 2011) . This indicates that from an environmental perspective, such wastes and residues are preferred as co-substrates.
Adding maize silage, glycerin, and beet tails in S1 -S3 also represented attractive alternatives to increase bio-energy production and reduce FFD, FE, and PMF compared to mono-digestion. However, these scenarios led to increased CC, ME, and land use. For CC, LUC increased GHG emissions and reduced the attractiveness of maize silage and beet tails for co-digestion, meaning LUC must be considered when selecting a co-substrate. Moreover, using maize silage and beet tails adds nutrients to the total substrate and thus to the digestate. This may increase nutrient surpluses in areas where the digestate is produced, especially in cases where there is already a surplus of nutrients (i.e. in intensive livestock production areas, such as the Netherlands).
Overall, anaerobic mono-digestion of pig manure and co-digestion with wastes or residues presents a good opportunity to produce bio-energy and reduce environmental impact. However, co-digestion with potential animal feed stocks, increases the impact by inducing the need of a substitute and should, therefore, be avoided. Furthermore, to increase bio-energy production from mono-digestion, additional manure processing by means of, e.g. separation or pretreatment can be applied. Such treatment can be used to concentrate the decomposable organic matter in a single fraction or increase the fraction of decomposable organic matter. Including such additional processing should be evaluated from a life cycle perspective as high energy demands may counteract the produced bio-energy (De Vries et al., 2012; Hamelin et al., 2011) .
Sensitivity of the results
Uncertainty of the LUC magnitudes on CC appeared to be crucial for the co-digestion scenarios with maize silage and WYC (S1, S2, and S4), as conclusions for CC were altered for these. It is, thus, of great importance to improve LUC estimations through further analysis in order to understand if the "real life" values are closer to the minimum or to the maximum of the range presented in Table 3 . In any case, however, LUC contribution to CC is not zero, and as such should be addressed where crops or any substrate inducing a need for more crop production are used as substrates for bio-energy production (Plevin et al., 2010) .
Fugitive CH 4 emissions from the digestion plant should be kept to a minimum, as these affect both CC and bio-energy production. These effects were also observed by Patterson et al. (2011) who pinpointed the effect of fugitive CH 4 emissions on CC during upgrading of the biogas. Current data of fugitive emissions, however, are generally based on rough estimates or few measurements (Flesch et al., 2011) .
Verification by further measurements on different types of digesters would, therefore, be essential for future LCAs on biogas production.
With respect to the assessed scenarios, increased electric efficiency of the gas engine did not change the ranking and conclusions. However, improving the electric efficiency of biogas engines, as this sensitivity analysis highlights, represents one option to enhance the overall environmental performance of biogas installations (more than 100% improvement for CC and FFD).
Increased NFRV of the digestates also did not alter the conclusions of the study.
Nevertheless, increasing the fertilizing capacity of the digestate and its related management will improve the overall environmental performance of AD scenarios.
However, NFRV levels are strongly dependent on local factors, such as climate, soil type and crop rotation and the related management of the digestate (i.e. method and timing of application) and should be considered site specific (De Vries et al., 2012) .
Other parameters affecting final results, but not included in the sensitivity analysis, include methane yields of the co-substrates and the initial use and related marginal suppliers for the substitutes. Methane yields will differ upon the quality and origin of the substrate, but also the type and management of the digestion process. In general, higher yields will mainly lead to lower CC and FFD and vice versa.
The environmental impact related to producing the substitute needed for the cosubstrate used for AD will depend on variables, such as the extent of substitution and the product properties (Weidema, 2003) . When, for example, the WYC in S4 has a low quality and as a result cannot be utilized for animal feed, it becomes a waste that would otherwise be composted or landfilled. In such a case, using WYC for bio-energy production by AD would lead to a much more environmentally sustainable result, as no interaction with feed would occur. Furthermore, the substitution ratio of co-substrates initially used as animal feed (i.e. how much feed is displaced per kg of WYC or beet tail taken away for AD) also depends on factors, such as digestibility, market prices, etc., and not solely on the protein and energy content. In most cases, a new feed ration will be computed in order to optimize prices, and product characteristics. In S3, for example, beet tails in animal feed might also be compensated by adding maize and grass silage, if these happen to be cheaper or more practical. The initial use of co-substrates should therefore be analyzed for each site-specific, geographical, temporal and economical context.
Substrate availability and potential for bio-energy production and GHG mitigation
The availability of the substrates is limited (in 2010 in the Netherlands: approximately 11800 kilotons (kt) of pig manure, 125 kt of beet tails, 4 kt of glycerin, 250 kt of WYC, and 700 kt of roadside grass), as these are constrained resources depending on the production of another main product. This will limit both the total bio-energy production potential by means of AD of these substrates, but also economic viability is limited due to competition with other markets and because bio-energy is highly subsidized.
Currently, prices of co-substrates are increasing strongly due to higher demand. This strengthens the point made earlier that greater focus on mono-digestion is needed, in particular on the development of technologies to enhance biogas production from manure. However, the total bio-energy production potential and GHG reduction potential of mono-digestion remains relatively low. If all pig manure in the Netherlands were mono-digested, this would represent about 0.5% of the total electricity use (117 billion kWh used in 2010 or 2.2% of the electricity consumed by households, 24.7 billion kWh in 2010) and a reduction of 0.1% of total emitted GHGs (211 Mton emitted in 2010 or 2.2% of agricultural GHG emissions, 8.6 Mton in 2010). Including the digestion of all other substrates in this study (assuming only half of the maize silage produced), and additionally all cattle manure, would roughly double the electricity production and reduce GHGs slightly more. Hence, anaerobic mono-and co-digestion of manure and co-substrates provides a potential to produce bio-energy and reduce environmental consequences, but on its own cannot fulfill increasing future bio-energy demands.
Conclusions
Anaerobic mono-digestion of pig manure produced bio-energy and improved overall environmental performance as compared to conventional manure management, but represents a limited source for bio-energy. Co-digestion with maize silage and beet tails, which compete with animal feed, and glycerin increased bio-energy production (up to 568%) and reduced terrestrial acidification, particulate matter formation, and freshwater eutrophication, but increased marine eutrophication, land use and climate change (through LUC). Co-digestion with wheat yeast concentrate, a protein-rich co-substrate substituted with soymeal, increased all environmental impacts. Co-digestion with roadside grass, a residual or waste product, appeared most environmentally sustainable for increasing bio-energy production of mono-digestion. '-' = no change, MD = mono-digestion, bsl = baseline results, se = results of the sensitivity analysis, CC = climate change (kg CO 2 -eq), FFD = fossil fuel depletion (MJ), FE = freshwater eutrophication (kg P-eq), TA = terrestrial acidification (kg SO 2 -eq), and ME = marine eutrophication (kg N-eq), NFRV = nitrogen fertilizer replacement value.
Tables
